Thermal decomposition of iso-propanol: First-principles prediction of total and product-branching rate constants The unimolecular decomposition of iso-C 3 H 7 OH has been studied with a modified method. Among the six low-lying product channels identified, the H 2 O-elimination process ͑2͒ via a four-member-ring transition state is dominant below 760 Torr over the temperature range 500-2500 K. At higher pressures and over 1200 K, the cleavage of a C-C bond by reaction ͑1͒ producing CH 3 ϩCH 3 C͑H͒OH is predicted to be dominant. The predicted low-and high-pressure limit rate constants for these two major product channels can be given by k 1 0 ϭ6.3ϫ10 42 
I. INTRODUCTION
Isopropanol ͑IPA, 2-C 3 H 7 OH) is a potential fuel additive for use in internal and Diesel combustion engines. Although the kinetics and mechanism for its thermal decomposition reaction have been investigated with conventional static reactors by several authors, [1] [2] [3] existing data to date are incomplete and conflicting. Barnard 1 first reported that the major decomposition products were H 2 and CH 3 COCH 3 with smaller amounts of H 2 O and CH 4 . The overall rate of decomposition could be effectively inhibited by NO, a wellknown free radical scavenger; accordingly, a radical decomposition mechanism initiated by breaking the secondary C-H bond was proposed to account for the findings. Maccoll and Thomas 2 asserted that, although the decomposition reaction might be dominated by radical reactions, under a fully NOinhibited condition the molecular H 2 O-elimination mechanism prevailed and the formation of H 2 OϩC 3 H 6 ͑propene͒ was found to occur with 64.5 kcal/mol activation energy.
Trenwith 3 subsequently investigated the decomposition reaction in greater detail employing a KCl-coated quartz reactor to minimize potential surface effects. He confirmed mostly Barnard's observations that under essentially homogeneous conditions, the pyrolysis of 10-100 Torr iso-C 3 H 7 OH in the temperature range 721-801 K produced primarily H 2 ϩCH 3 COCH 3 with smaller amounts of H 2 O and C 3 H 6 and traces of CH 4 , C 2 H 6 , C 2 H 4 , and CH 3 CHO. A radical mechanism initiated by splitting a C-C bond producing CH 3 and CH 3 CHOH was proposed. 3 The two key prod- where XϭH, OH, and CH 3 , key chain carriers in the system produced by the initiation as well as the chain reactions. The molecular dehydration reaction put forth by Maccoll and Thomas 2 was concluded to be unimportant under the conditions employed. 3 For the C-C bond breaking reaction suggested by Trenwith, Tsang 4 has estimated the unimolecular rate constant to be k 1 ϭ3.16ϫ10
16 e Ϫ41 100/T s Ϫ1 ; this result will be compared with our predicted value later.
The conclusions reached by Barnard 1 and Trenwith 3 contradict, to some extent, the results of our recent experimental and theoretical studies on the decomposition of small alcohols 5, 6 that both the H 2 O-molecular elimination and radical decomposition processes take place concurrently, with the former process dominating at lower temperatures and the latter dominating at higher temperatures. This is true even for CH 3 OH, which has been shown to produce both 1 CH 2 ϩH 2 O and the commonly assumed CH 3 ϩOH products, with the former being dominant under the atmospheric combustion condition. 6 More recently, Shu et al. studied the decomposition of chemically activated C 3 H 7 OH by the O( 1 D) ϩC 3 H 8 reaction in a cross-molecular beam experiment. 7 A direct comparison of this new result with the aforementioned data is difficult in view of the fact that in addition to the a͒ direct H-abstraction processes both n-C 3 H 7 OH and iso-C 3 H 7 OH could be produced in this beam experiment.
In order to fully examine the kinetics and mechanism for this basically and practically important chemical system, we have carried out a full mapping of the potential-energy surface ͑PES͒ of the system with the modified GAUSSIAN-2 ͑G2M͒ method. 8 We have also calculated the rate constants for low-lying reaction channels for comparison with available kinetic data mentioned above.
II. COMPUTATIONAL METHODS

A. Ab initio calculations
The hybrid density functional method ͑B3LYP͒ with the 6-311G(d,p) basis set has been used to optimize the geometry of the reactant, transition states and products. [9] [10] [11] The intrinsic reaction coordinate 12 ͑IRC͒ calculations were utilized to confirm the connection between a transition state and a designated intermediate. The same level of theory was applied to calculate the vibrational frequencies of all species in each reaction pathway. These values would be employed for zero-point energy ͑ZPE͒ corrections, characterization of the nature of stationary points, and rate constant calculations.
Higher-level single-point calculations were also carried out with the optimized geometries using the modified GAUSSIAN-2 ͑G2M͒ ͑Ref. 8͒ method to achieve a more reliable evaluation of energies. The applied model G2M͑CC5͒ ͑Ref. 8͒ uses a series of calculations with the B3LYP/6-311G(d, p) optimized geometries to approximate the CCSD͑T)/6-311ϩG(3d f ,2p) level of theory, including a ''higher level correction'' ͑HLC͒ based on the number of paired and unpaired electrons. The following is a summary of the G2M scheme:
where n ␣ and n ␤ are the numbers of valence electrons, n ␣ уn ␤ . All calculations were carried out with the GAUSSIAN 98 program.
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B. RRKM calculations
Rate constants were computed with a microcanonical variational RRKM method using the VARIFLEX code.
14 The pressure dependence of the rate constant was treated by onedimensional ͑1D͒ master equation calculations using the Boltzmann probability of the complex for the J distribution. The master equation was solved by an eigenvalue-solverbased approach for the dissociation processes. 15, 16 In order to achieve convergence in the integration over the energy range, an energy grain size of 120 cm Ϫ1 was used: this grain size provides numerically converged results for all temperature studies with the energy spanning the range from 30 418 cm Ϫ1 below to 65 582 cm Ϫ1 above the threshold forming CH 3 ϩCH 3 C͑H͒OH. The total angular momentum J covered the range from 1 to 241 in steps of 10 for the E, J-resolved calculation. For the barrierless transition states, the Morse potential V͑R ͒ϭD e ͕1Ϫexp͓Ϫ␤͑RϪR e ͔͖͒ 2 was used to represent the potential energy along the individual reaction coordinate. For the tight transition states, the numbers of states were evaluated according to the rigid-rotor harmonic-oscillator assumption.
III. RESULTS AND DISCUSSION
A. Potential-energy surface of the system
The optimized geometries of the reactant ͑IPA͒, intermediates, transition states, and some of the products are shown in Fig. 1 including the characteristic bond distances and angles. Figure 2 shows the potential-energy surface obtained at the G2M level. Table I displays details of relative energies obtained at various theoretical levels of calculation. The vibrational frequencies and moments of inertia of important species used in the rate constant calculations are presented in Table II . As shown in the PES ͑Fig. 2͒, the decomposition of IPA can occur through many product channels:
We have calculated the heats of reaction at 0 and 298.15 K for several important products channels as presented in Table  III . The predicted values are compared with the experimental heats of reaction using available experimental heats of formation. 17, 18 As shown in Table III , the deviations between the predicted and experimental heats of reaction at 0 K, ⌬⌬H rxn ͑0 K͒ are within the expected errors of the G2M method, which has a average absolute error of about 1.2 kcal/mol for the molecular species consisting of elements in the first two rows of the periodic table. 8 In the worst case, the ⌬⌬H rxn ͑0 K͒ for the reaction 2-C 3 H 7 OH→CH 3 ϩCH 3 C͑H͒OH is 3.6 kcal/mol, which is beyond the reliability of the G2M method. This prompted us to calculate the heat of formation of the CH 3 C͑H͒OH radical, whose experimental value of ⌬ f H 298 0 was reported to be Ϫ15.2Ϯ1.0 kcal/mol, 18 using the isodesmic reaction 2-C 3 H 7 OH ϩCH 2 OH→CH 3 C͑H͒OHϩC 2 H 5 OH. The new value ⌬ f H 298 0 ϭϪ13.3 kcal/mol for CH 3 C͑H͒OH gave rise to a much smaller deviation ⌬⌬H rxn ͑0 K͒ϭ1.7 kcal/mol, which is within the reliability of the G2M method.
The reaction paths for channels ͑1͒-͑6͒ shown in Fig. 2 will be discussed sequentially in the following sections, while the higher energy processes ͑7͒-͑9͒ will not be included in our rate constant calculation. producing CH 3 C͑H͒OHϩCH 3 , its dissociation potential function was computed variationally to cover a range of C-C separations from the equilibrium value 1.529 Å to 3.5 Å with an interval of 0.2 Å. At the B3LYP/6-311G(d, p) level of theory, we optimized every structure at each interval of the C-C bond separation and also calculated the 3N-7 vibrational frequencies, projected out of the gradient direction. In this manner, a smooth and reasonable potential curve in terms of total energy at each point along the reaction path was obtained and used to evaluate the Morse potential energy function and then scaled to match the dissociation energy predicted at the G2M level of theory. The potential energy function V(R) given above was obtained with D e ϭ86.3 kcal/mol, ␤ϭ2.031 Å Ϫ1 , and R e ϭ1.529 Å, which is the equilibrium value of R, i.e., the equilibrium C-C bond length in iso-C 3 H 7 OH structure. This potential for the dissociation process was used in all subsequent RRKM calculations. The dissociation energy for channel ͑1͒ as predicted at the G2M level is 87.0 kcal mol Ϫ1 and is 5 kcal/mol higher than the activation energy reported by Tsang for temperature above 1050 K. 4 Fig. 1 shows that H 2 O elimination from IPA occurs via a fourcentered-ring TS1 with C 1 symmetry. The dihedral angle of the H atom in this ring, HCCO, is 0.7°, which is closer to the values 0.2°and 1.7°obtained in similar structures for the decomposition of C 2 H 5 OH by Park et al. 5 and Butkovskaya and co-workers, 20 respectively. Also, the out-of-ring H atom is largely bent away from the HCCO ring with a dihedral angle of HOCC at 105.2°which is not much different from the reported values 107.4°͑Ref. 5͒ and 101.17°͑Ref. 20͒ for ethanol. The breaking C-O and C-H bonds in TS1 are 0.502 and 0.294 Å longer than those in IPA, respectively. The corresponding deviations calculated in the similar H 2 O-elimination process in C 2 H 5 OH are 0.433 and 0.340 Å.
CH 3 C(H)CH 2 ϩH 2 O. The result presented in
5 TS1 represents a well-defined transition structure, whose energy ͑G2M͒ is 65.4 kcal mol Ϫ1 , leading to the formation of water and propene from IPA. Our reported value is about 7.2 kcal/mol higher than the apparent activation energy for C 3 O . Channel ͑4͒ is characterized by the formation of a molecular complex cpx via TS3. TS3 is a three-centered ring transition state with C 1 symmetry, which involves the H atom and the OH group attached to the center C atom. The breaking C-O bond is 2.093 Å with respect to the equilibrium bond length 1.432 Å of IPA; the breaking C-H bond ͑1.380 Å͒ is 0.286 Å longer than that of the IPA, 1.094 Å. The three-centered ring is characterized by the OHC angle 113.9°, which is flattening toward the formation of the complex with the new OHC angle of 140.8°. The out-of-plane bend angle of the OH bond with respect to the ring is found to be almost perpendicular ͑94.9°͒. This second H 2 O-elimination process producing the singlet dimethyl carbene through the cpx complex has a much larger barrier than the first H 2 O elimination by TS1. At the G2M level, the barrier of TS3, 77.9 kcal/mol, is 12.5 kcal/mol higher than that of TS1. This can be attributed to the high endothermicity of the process and, to a smaller extent, the strain of the threecentered ring in TS3. The existence of cpx is similar to those found in the decomposition of CH 3 OH͑H 2 C¯OH 2 ) and C 2 H 5 OH͑CH 3 CH¯OH 2 ).
The C-O bond distance of the cpx ͑2.788 Å͒ is 0.70 Å longer than that in TS3 ͑2.093 Å͒. The energy of the complex relative to the reactant is 74.0 kcal mol Ϫ1 . at the MRCIϩQ level; they also indicated that the S-T gap might be 1.0-1.5 kcal/mol larger. Modarelli et al. 22 were able to generate and trap the singlet DMC by laser flash photolysis of dimethyldiazairine and using pyridine as chemical trap, respectively. The reduction of pyridinium ylide's yield upon treatment with oxygen indicated a possible intersystem crossing between the singlet and triplet DMC. The authors assumed this interconversion occurs only at a short singlet-triplet splitting, which may be closer to zero. 22 4 . This path involves the abstraction of the H atom from the OH group by CH 3 producing CH 3 C͑H͒OϩCH 4 through TS4. In this process, the lengthening of a C-C bond followed by the migration of the H atom in the OH group to the CH 3 group results in a twisted four-centered transition state TS4, whose dihedral angle of the ring CCOH is Ϫ7.22°, with the cleaving C-C and O-H bonds lengthened by 0.469 and 0.355 Å, respectively, compared with those in the IPA. The forming C-H bond is 1.401 Å, which is much shorter than that of the corresponding TS ͑1.910 Å͒ ͑Ref. 5͒ in the ethanol system. The result of IRC ͑Ref. 12͒ calculation confirms that TS4 connects the IPA and the products CH 3 C͑H͒OϩCH 4 ; TS4 lies above IPA by 84.3 kcal/mol.
CH 3 C(H)OϩCH
cis-1 CH 3 COHϩCH 4 . As shown in Fig. 1 , the H atom on the centered C in IPA can migrate toward the C atom in one of the CH 3 groups to produce cis-1 CH 3 COH and CH 4 via a three-center transition state TS5 having a barrier of 81.9 kcal/mol, which is 2.4 kcal/mol lower than that of the analogous channel described above. In the decomposition of C 2 H 5 OH, 5 the energy difference between the two analogous CH 4 -elimination channels giving CH 2 O and HCOH, respectively, was 14 kcal/mol. 5 The higher energy difference in the C 2 H 5 OH case may be attributed to a large rotation of HOCH 2 moiety observed in the transition state leading to CH 2 O. IRC 12 calculations were performed to confirm the connection between TS5 and the products cis-1 CH 3 COH and CH 4 because the existence of the trans-1 CH 3 COH conformer, which is more stable than the cis-isomer by 2.9 kcal/ mol. The internal rotation barrier from trans to cis was predicted to be 24.6 kcal/mol, which is close to the values 27.3 and 29.7 kcal/mol calculated by Yadav and Goddard 23 and Rasanen et al., 24 respectively. In Fig. 1 , we also show another H 2 -elimination transition state TS6 in which the H atom on the center C approaches one of the H atoms in a CH 3 group to eliminate an H 2 molecule. This process has a larger barrier 105.9 kcal/mol and should be unimportant kinetically.
B. Rate constant calculations
For the unimolecular decomposition of 2-C 3 H 7 OH via various major product channels ͑1͒-͑6͒ discussed above, we utilized the VARIFLEX code of Klippenstein et al. 14 to compute the rate constants. The Lennard-Jones parameters for 2-C 3 H 7 OH and Ar employed in the calculation, ϭ4.739 given in Fig. 2 and the moments of inertia and vibrational frequencies presented in Table II were used in the calculation.
Figures 3͑a͒ and 3͑b͒ show the rate constants predicted at 50 and 760 Torr, respectively. At 50 Torr, for the major channels, k 2 Ͼk 1 Ͼk 4 across the temperature range of 500-2500 K. For the minor channels, over 650 K, k 6 Ͼk 5 Ϸk 3 , while under 650 K, k 3 Ͼk 5 Ϸk 6 . Checking the energy diagram ͑Fig. 2͒, one can see that even though the energy barrier for channel ͑5͒, TS4, is higher than that of ͑3͒, TS2, by about 2.0 kcal/mol, both rate constants are very close at high temperatures. Similarly, the barrier of TS4 is larger than that of TS5 ͓channel ͑6͔͒ by 2.4 kcal/mol: both k 5 and k 6 are close at the lower temperatures. The relative magnitudes of the rate constants at lower and higher temperatures shown in Fig. 3͑a͒ may be attributed to the combined effects of their barriers and transition state structures ͑i.e., the enthalpies and entropies of the TS's͒. Figure 3͑a͒ also shows that the formation of water and propene from channel ͑2͒ is considerably more important than the formation of H 2 and CH 4 by various molecular elimination channels, similar to that observed in the C 2 H 5 OH system because of the much lower dehydration barrier. 5 At 760 Torr ͓see Fig. 3͑b͔͒ , the relative importance of k 1 -k 6 is similar to that predicted at 50 Torr, except that k 1 becomes slightly larger than k 2 over 1200 K.
Figures 4͑a͒ and 4͑b͒ plot the low-and high-pressure limit dissociation rate constants for channels ͑1͒-͑6͒, respectively. It is readily seen that at the low-pressure limit, the lowest barrier channel ͑2͒ is dominant due to its relatively low energy barrier; k 1 0 , as expected, becomes the lowest one in the temperature range of 500-1200 K because of its large endothemicity, 87.0 kcal/mol. However, at the high-pressure limit, the order of k 1 -k 6 is similar to that predicted at 760 Torr.
Figures 5͑a͒ and 5͑b͒ compare the predicted and experimental rate constants for channels ͑1͒ and ͑2͒, respectively. The symbols in Fig. 5͑a͒ are the experimental data from the work of Tsang 4 obtained at 398 -503 Torr and in the temperature range of 1080-1160 K; the dotted and solid lines represent our predicted values at 500 Torr and at the highpressure limit. The results show that below 1000 K, the dissociation rate constant for channel ͑1͒ at 500 Torr already reaches the high-pressure limit value; as expected, at higher temperatures, it shows a pressure dependence which is similar to the formation of CH 3 ϩCH 2 OH in the dissociation of C 2 H 5 OH. 5 The predicted values are in reasonable agreement with those of Tsang.
4 Figure 5͑b͒ compares the predicted value of k 2 at 50 Torr with the experimental data of Trenwith 3 obtained from the formation of C 3 H 6 in the temperature range of 721-801 K and pressure between 10 and 100 Torr. The predicted values are lower than the experimental data by 1-2 orders of magnitude at the corresponding experimental temperatures, attributable to the contribution from the decomposition of the CH 2 C͑H͒OHCH 3 radical formed in the chain reactions as proposed by Trenwith. 3 In order to quantitatively account for Trenwith's experimental data, a detailed kinetic modeling is required. For future modeling applications, we have tabulated the individual rate constants predicted at various pressures in Table IV .
IV. CONCLUSION
The kinetics and mechanisms for the thermal decomposition of iso-C 3 H 7 OH have been investigated by high-level molecular orbital ͑G2M͒ and variational RRKM calculations over a wide range of reaction conditions. At pressures below 1 atm, the decomposition of iso-C 3 H 7 OH occurs primarily by the dehydration reaction producing CH 3 C͑H͒CH 2 ϩH 2 O. At the high-pressure limit and over 1000 K, however, the production of CH 3 ϩCH 3 C͑H͒OH becomes dominant and the decomposition reaction is controlled by chain processes. Different types of H 2 -and CH 4 -molecular elimination processes were found, but they are unimportant throughout the temperature range investigated. Our computed result for the formation of CH 3 ϩCH 3 C͑H͒OH accounts well for Tsang's experimental results. 4, 19 
